Organisms face continual fluctuations in global climatic processes to which they must adapt or perish. Considering that many species are key habitat formers and energy producers, such responses to climate change can have significant population, community and even ecosystem consequences. Paleo-records of ecosystem responses to past environmental variability have proven invaluable for studying impacts of climate change on natural systems, yet such records are almost completely lacking for temperate benthic marine systems. Here, we bring together recent advances in paleoclimatology, coastal geomorphology, paleoceanography and archaeology for a well-studied region (the Southern California Bight, USA). We argue that there is now enough evidence to show that late-Quaternary sea-level rise over the past 18 500 years has caused a large-scale ecological shift in this region from highly productive rocky reefs to less productive sandy shores. Our integrated approach has implications for other temperate coastlines and helps provide insight into the interactions between human culture, biological communities and their environments.
In terrestrial systems, ice ages result in significant habitat modification through climate change, direct structural transformation of the land because of glacier expansion and marine regression, and regulation of environmental conditions to which organisms respond physiologically through dispersal, growth and reproduction, affecting both their distribution and abundance [1 -3] . As ice ages wane, the global climate warms, glaciers retreat, sea-level rises and organisms might emerge from refugia to colonize newly available habitat and adapt to the changing environment [4 -6] . Developing a more detailed understanding of the general effects of ice ages on temperate coastal marine systems, however, has been challenging. Key habitat-forming and energy-producing species (e.g. kelp) rarely fossilize, and sea-level transgression has restricted the few existing temperate marine fossil beds to uplifted marine terraces. Thus, late-QUATERNARY (see Glossary) paleontological records are limited almost entirely to mere glimpses of life during interglacial periods and high sea-level stands [7] .
In regions where long archaeological records of coastal cultures exist, however, important data about the paleoecology of coastal ecosystems can often be found in the shell middens that mark the ancient campsites and villages of maritime peoples. When combined with information about sea-level histories, paleoclimatology, GEOMORPHOLOGY and paleoceanography, these data can be used to reconstruct relatively detailed histories of coastal ecosystem change. Such multi-disciplinary data sets have become available during the past decade for the Southern California Bight, a highly diverse and productive marine system, providing an unprecedented opportunity to study the dynamic relationship between ice ages and temperate coastal ecosystems since the last glacial maximum, 18 500 years before present (BP). Although we focus on long-term ecological shifts that followed the most recent glacial recession, and only in one region, this approach offers new opportunities to gain insight into how global climate change can impact the structure and productivity of marine communities worldwide.
Quaternary coasts of southern California
A dramatic and obvious consequence of Quaternary ice ages is the continual fluctuation of global sea level, which affects the emergence and/or submergence of reefs, reef composition and coastline geomorphology. Cyclical changes in the eccentricity, obliquity and precession of the orbit of the Earth (Milankovitch cycles [8] ) result in high amplitude oscillations of solar insolation [9] , atmospheric and ocean temperatures [10, 11] , and the formation and destruction of polar ice sheets and continental glaciers [12] . During most of the Quaternary, global temperatures cycled continuously between cold glacial and warm interglacial extremes, with coastal habitats worldwide experiencing a cyclical pattern of rising and falling global temperatures and transgressing and regressing seas, demarcated by an extended period of steady sea levels during glacial or interglacial extremes (Box 1). In southern California, the minimum sea level during the last glacial maximum was , 117 m below present and occurred , 18 500 years BP, with an undulating rise to the onset of the current high sea level stand , 6000 years BP. Such dramatic changes in sea level had profound effects on southern California coastlines.
Geomorphic processes
The interaction between sea-level fluctuations and bathymetry (i.e. underwater topography) over broad spatial and temporal scales modifies reef distribution and coastline shape. Because the most productive temperate marine habitats are restricted to the photic zone [13] (, 30 m depth), spatial variability in coastal bathymetry will define the distribution of biologically productive reefs. Unlike nearby regions to the north and south, the bathymetry of the Southern California Bight is highly variable because of the geologically recent transformation of a previously active SUBDUCTION ZONE into a STRIKE -SLIP FAULT SYSTEM [14] . This transformation was driven by the collision of an eastward migrating mid-ocean spreading center with the once-active subduction zone, beginning , 40 million years BP. Subsequent uplift, subsidence, rotation, compression and extension because of faulting and tectonics resulted in a mosaic of basins, islands and offshore banks embedded within a widened region of the continental shelf. Within this region, the size, shape and location of reefs varied as sea level changed, as did the horizontal distances separating reefs among island and mainland sites (Fig. 1) .
The dynamic geomorphology of the southern California coastline is also regulated by interrelated changes in sea level, erosion and the accumulation and deposition of sediments along coastal margins [15] (Fig. 2) . During The geomorphic processes that shape coastlines are driven, in a large part, by variability in sea level, which can be measured at both global and regional scales.
Geomorphic processes on a global scale
Reconstructions of temporal variability in average global (eustatic) sea level rely primarily on estimates of the volume of water stored in or released from global ice sheets [a] . Because the oxygen isotopic ratio of seawater ( O from global ice and lake/marine sediment cores can be used as a first approximation of eustatic sea-level changes. The generally accepted eustatic sea-level curve for the last 800 000 years comes from the SPECMAP data series [c,d] (Fig. Ia) . In general, the SPECMAP eustatic curve exhibits peak temperatures of similar magnitude that occurred roughly every 100 000 years, with a gradual 80 000-90 000 year build up to glacial conditions followed by rapid transition to interglacials within 10 000 -20 000 years or less.
Geomorphic processes on a regional scale
The SPECMAP eustatic curve provides a good estimate of average global sea-level changes. Yet, sea-level curves developed for specific regions, usually through radiocarbon dating of sediment deposits and seismic stratigraphy, can deviate strongly from this curve [e]. This is due to a variety of complex geological processes (e.g. tectonics, seismic uplift, isostatic rebound or subsidence) that modify the vertical motion of coastal landforms relative to the global average sea level [a] . Such regionally (isostatic) derived sea-level curves provide a more detailed view of late-Quaternary sea-level change that is relevant to the reconstruction of coastal habitats. For example, in southern California, sea-level rise since the last glacial maximum was rapid, , 1 m century
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, until , 6000 years BP when transgression slowed to , 0.01 m century 21 [f] ( periods of falling sea level, changes in stream base level and increased velocity of runoff waters cut deep coastal canyons, and coarse sediments (cobbles and boulders) are deposited along the coastline, creating a dominance of cobbled, rocky shore with interstitial sand [16] . Under postglacial conditions of rapidly rising sea levels, the dominant geomorphic process shifts from erosion to deposition, with finer sediments deposited in bays or estuaries formed at the mouths of newly flooded coastal canyons rather than along the coastline. Longshore currents sweep the interstitial sands into submarine canyons, enhancing the dominance of cobbled rocky shores, as evidenced by extensive subtidal HOLOCENE cobble and boulder deposits throughout the Southern California Bight [17] . As sea-level rise slows, these estuarine embayments fill with sediment and, given an extended high sea-level stand, marshes, meandering coastal streams, mud flats and extensive beaches are ultimately formed, as currently occur along much of the mainland coast of the Southern California Bight.
Oceanographic processes In addition to sea-level-driven fluctuations in reef distribution and substrate composition (i.e. rocky versus sandy shorelines), Quaternary glacial-interglacial cycles have driven long-term changes in oceanographic conditions and the availability of limiting resources to primary producers. Currently, the dominant hydrographic regime of the Southern California Bight is characterized by a semipermanent CYCLONIC GYRE, incorporating water from the cool southward-flowing California Current, with warmer countercurrent waters intruding from the southeast [18] . Oceanographic productivity within the region is linked to longshore transport of nutrients from an UPWELLING region near Point Conception and other promontories, and onset of upwelling events generally corresponds to periods of strong spring equatorward winds and strong flow of the California Current. As such, sea-surface temperatures within nearshore regions of the Southern California Bight generally range from 12 to 20 8C, corresponding with in situ nitrate concentrations of 15 -0 mM, respectively, [19] .
However, hydrographic conditions were very different in the Southern California Bight during the last glacial maximum. With lower sea levels, all of the Channel Islands increased in area, the northern Channel Islands consolidated, and many currently submerged offshore banks became islands with extensive shoals [20] (Fig. 1) . The Santa Barbara and Anacapa Channels then combined to form a narrow, sheltered body with restricted circulation, although the Santa Barbara Basin appeared to be better ventilated than it is at present [21] . Average seasurface temperatures within the Southern California Bight also dropped to 7 -8 8C [21, 22] . Although new isotopic data from sediment cores from the Southern California Bight suggest that there might have been a weakening in the California Current between 15 000 and 20 000 BP [23] , stronger winds blowing across the larger land masses apparently resulted in greater localized upwelling than is seen at present [24, 25] . Increased upwelling intensity during the last glacial maximum has also been observed for other upwelling regions around the world [26] . Thus, we believe that the Southern California Bight would have had relatively high nutrient levels.
Ecological shifts since the last glacial maximum We view the now sand-dominated coastlines of the Southern California Bight, characteristic of the current high sea-level stand and so important to contemporary perspectives of the ecology of coastal systems, as ephemeral over geological and evolutionary timescales. In fact, these warm sandy temperate coasts appear to have developed only over the past 4000-6000 years [15] , and we reason that most of the late PLEISTOCENE and early Holocene was characterized by extensive cold, rocky, cobbled shores, punctuated by estuarine embayments. Furthermore, these coasts appear to have experienced essentially continuous fluctuations in reef distribution and size, shifts from cold to warm hydrographic conditions, and cycling between sandy and rocky shores with each glacialinterglacial cycle.
The transition between sandy and rocky habitats is a key to reconstructing shifts in marine ecosystems, because sand and rock substrata support very different benthic communities. The relatively unstable sandy habitats are characterized by microalgae and robust infaunal and epifaunal macroinvertebrates that have various adaptations for living on and within a dynamic substratum that is heavily influenced by water motion. In addition to the highly unstable substrata, intertidal sand areas are exposed to periodic drying and sometimes considerable lateral and vertical transport [26] . Sand invertebrate assemblages are characterized by scattered individuals that rarely reach high enough densities to stabilize the sand-exceptions include assemblages of bivalves, sand dollars, sea pens and polychaetes that episodically occur in water deeper than 10 m [27] . Rocky habitats, by contrast, are characterized by relatively large macroalgae, usually various species of brown algae that tend to be highly productive and offer many types of food and structure to the nearshore ecosystem [28] . These biological structures influence and moderate the physical environment and fuel diverse food webs [29] . Thus, sandy and rocky habitats have enormous differences in productivity and biodiversity.
Ecology of ice-age kelp forests
The ecological perspective emerging from such reconstructions of the late Pleistocene environment is that of an ideal habitat for kelp-based rocky shore ecosystems. The environmental parameters most important to kelp-based ecosystems are hard substrata within 25 -40 m depth and cool nutrient-rich waters [30] . Modeling the paleogeography of the Channel Islands in southern California over the past 18 500 years suggests that an increased area of available substrate within the photic zone during the late Pleistocene would have provided for large and extensive subtidal kelp forests (M.H. Graham, unpublished).
We suspect that these ice-age kelp forests were inhabited by the extensive populations of large fish (e.g. giant black sea bass Stereolepis gigas, ling cod Ophiodon elongatus, many species of rockfish Sebastes spp., cabezon Scorpaenichthys marmoratus and sheephead Semicossyphus pulcher ) and invertebrates that were observed in southern California kelp forests before the onset of extensive fishing [31] . Certainly, the expansive algaldominated rocky habitat would have supported large populations of sea urchins, abalones and other gastropods, mussels, and other bivalves associated with rocky habitats. This also would have been an ideal habitat for the sea otter Enhydra lutris, hunted to extinction locally during the early 1800s. Sea otters probably foraged much as they do now off the coast of central California, with their shellfish prey being most abundant in refugia beneath ledges, cracks and crevices, and at depths below the diving limits of otters [32, 33] .
Furthermore, besides providing habitat and energy for associated flora and fauna, coastal kelp populations export significant amounts of detritus to other nearshore oligotrophic habitats (e.g. shallow and deep water basins, and coastal terrestrial ecosystems) (Box 2). If our geological and oceanographic reconstructions hold true, then, during the height of the last glacial, increased upwelling and the emergence of rocky substrate would have supported rich intertidal habitats that might have been similar to those presently found north of the Southern California Bight [34] . By the end of the Pleistocene, archaeological data from the Channel Islands suggest that rocky intertidal communities dominated by large mussels, abalones, turban snails and other invertebrates were abundant and highly productive [35, 36] .
Finally, that the abundance and productivity of rocky benthic communities in the Southern California Bight might have decreased sharply since the last glacial maximum, in conjunction with marked habitat fragmentation, is in striking contrast to the current perspective of post-ice-age ecosystem shifts on land. Although exceptions exist, the general trend in terrestrial systems has been range expansion, population coalescence and increased terrestrial productivity, with the shift from glacial to interglacial conditions [37, 38] . As such, the response of temperate marine and terrestrial systems to glacialinterglacial cycles appears to be out of phase.
Environmental change and human ecology
A wealth of archaeological data from southern California coastal sites offers a unique and independent data set with which to observe and validate sea-level-driven shifts in nearshore ecosystems. Native Americans first arrived in the Southern California Bight region at least 12 000-13 000 years BP, at which time they had already colonized the northern Channel Islands [39, 40] . The changes in the coastal environment that we have suggested would have modified the marine resources available to these people. Throughout the past 12 000 years, rocky shore and kelp-bed habitats provided abundant food supplies, but their abundance and productivity undoubtedly fluctuated through space and time [41] . Archaeological data suggest that, as mainland coastlines evolved from predominantly rocky to predominantly sandy habitats (,4000-6000 years BP), the composition of the coastal fauna and flora shifted from a diverse assemblage of edible epifaunal invertebrates (mussels, abalone, oysters, etc.) and seaweeds, to an infaunal assemblage that, except for clams, produced much less food that was useful to people [41, 42] . Although considerable variation is evident among the ways of life of Native American peoples of coastal southern California, general changes in their food habits appear to have tracked sea-level-induced changes in coastal habitats and associated biotic communities (Box 3). At the same time, through predation on key functional species, such as sea otters, predatory fish and sea urchins, these maritime peoples might have actively shaped the ecosystems that they were part of.
Native American use of the nearshore environment, however, was not limited to biotic resources. The cobble beaches that dominated the early coastline provided ample materials for making grinding tools widely used for food processing. In fact, ground stone cobble tools [metates (querns) and manos (mullers)] are so abundant in early coastal sites that most mainland sites dating between Box 2. Kelp subsidies and cross-system exchanges Given the fluid nature of the marine environment, primary production generated in coastal kelp forests can be exported to and utilized by other marine and non-marine systems.
Soft sediment subsidies
Giant kelp Macrocystis pyrifera is the main exporter of seaweed biomass in the Southern California Bight, contributing between 60 and 99% of beach-cast phytodetritus [a] . Detached giant kelp canopies (rafts) can be dispersed over long distances by rafting [b] . When rafts lose their buoyancy, they wash into shallow nearshore habitats [c] and deep offshore basins [d] , where they help to fuel secondary productivity of soft-sediment systems (Fig. I) . We suggest that kelp subsidies to softsediment systems in the Southern California Bight have decreased since the last glacial maximum because of decreases in kelp distribution and increases in the size of offshore basins.
Intertidal and terrestrial subsidies
Kelp detritus can also enter nearby intertidal food webs as fine particles captured by filter feeders (e.g. mussels [e] or clams [f]) or large pieces grabbed by limpets [g] . The importance of such subsidies to intertidal systems will depend on both the size and productivity of offshore kelp populations and the linear extent of the rocky intertidal (e.g. the perimeter of offshore islands). Furthermore, the inherently low productivity of terrestrial ecosystems on arid islands can also be significantly enhanced by the flow of energy from highly productive surrounding waters [h] . It has been shown that, during dry years, marine subsidies in the form of feces and detritus have the greatest impact on islands with large shoreline (perimeter):area ratios (i.e. small islands, Fig. II) , but that such subsidies lessen during rainy years, when high precipitation drives much higher levels of terrestrial productivity. In the Southern California Bight, shorelines of the relatively less productive Channel Islands have high accumulations of marine bird and mammal feces and are seasonally loaded with large amounts of marine detritus, dominated by beach-cast giant kelp [a] . Unlike soft-sediment systems, however, it is unclear to us whether kelp subsidies to intertidal and terrestrial systems in the Southern California Bight have increased or decreased since the last glacial maximum. , 9000 and 3000 years BP are attributed by archaeologists to the 'Milling Stone Horizon'. Nearshore cobble aggregations apparently were common enough during this period to support at least two mortar-manufacturing sites that are now submerged off the coast of San Diego [41] . As sandy beaches increasingly dominated southern California during the late Holocene, however, many cobble beaches were buried by sand and became less accessible. Such changes in coastal habitats probably contributed to a shift from mortars to pottery in the San Diego area [42] and to the development of specialized mortar-and pestlemanufacturing villages on the northern Channel Islands, where cobbles were still available [43] .
Prospects
Until relatively recently, much of the coastal marine environment of southern California was fundamentally different to what it is today. The coastal zone fluctuated between long periods of rocky kelp-forest-dominated habitats and relatively brief periods of sandy infaunal Coastal cultures have relied regularly on nearshore marine resources in the Southern California Bight for . 13 000 years before present (BP), although striking differences exist between the mainland and offshore islands.
Mainland sites
Numerous mainland archaeological sites dated between , 10 000 and 6000 years BP indicate that intertidal foraging was a foundation of early coastal economies in the Southern California Bight for millennia [a,b] . Shellfish assemblages found around paleo-estuary sites are dominated by estuarine bivalves (e.g. Chione, Saxidomus and Ostrea ), yet some of the earliest sites are rich in California mussels Mytilus californianus harvested from the rocky intertidal [a] . By the middle Holocene (, 6500-4000 years BP), many of the smaller mainland estuaries silted in and disappeared as productive habitats for human foraging [c], although some larger estuaries continued to exist until the late Holocene and even historic times.
Around the time of our proposed transitioned between rocky and sandy coasts (, 4000 -6000 years BP), shellfish assemblages from many coastal localities showed a marked shift towards taxa typical of waveswept sandy beaches (e.g. Tivela and Donax ) [c,d] (Fig. I) . Along with human population growth, this shift appears to have contributed to a greater emphasis on terrestrial resources (e.g. acorns) in some areas and to intensified kelp bed and pelagic fishing in others [e].
Island sites
On the California Channel Islands, low sediment input to the coast probably limited sea-level-driven shifts from rocky to sandy habitats. Here, terrestrial ecosystems are relatively impoverished and humans appear to have depended primarily on marine resources throughout the 12 000 years of human occupation. The high diversity of shells (mussels, abalones, turban snails and sea urchins) and animal bones (fish, sea otters, pinnipeds and sea birds) show that these early human occupants were adept at harvesting rocky intertidal, kelp bed and other nearshore resources. In stratified and well-preserved shell middens on San Miguel Island, where the record of human occupation begins , 12 000 years BP and spans much of the Holocene, a suite of rocky shore shellfish, nearshore and kelp forest fish, and sea mammals are present throughout the sequence [f-h], supporting the notion of a continuous presence of rocky habitat. Although Native peoples clearly impacted Channel Island kelp bed and rocky intertidal communities, archaeological data suggest that such impacts led to very few extinctions and that general exploitation patterns were sustained over millennia -in stark contrast to the devastating exploitation that followed European colonization. dominance, at an approximate frequency of 100 000 years, driven by climate and sea-level change. This different perspective is fundamental to our understanding of the ecological and evolutionary processes that shape nearshore ecosystems and their subsequent impact on resource utilization by coastal people. What remains to be seen is whether the transition between rocky and sandy habitats, presented here, occurred for other temperate coastlines around the world. If it did, can our integrated approach be used to detect such changes? We think so. Multidisciplinary data sets (e.g. climatic, oceanographic, geological and paleontological) are being assembled for a variety of temperate marine ecosystems worldwide, many of which are in regions were detailed archaeological data for maritime cultures are also available (e.g. Australia, South Africa, Chile and Japan). Synthetic analyses of such data will expose novel and exciting questions for investigation. For example, will anthropogenic climate change (e.g. global warming-induced sea-level rise and decreased sediment transport because of human water utilization) hasten or slow transitions between rocky and sandy habitats, and thus impact marine productivity and fisheries yield? Can predictions based on geological and archaeological records help avert or lessen future impacts? Did fluctuations between the use of marine versus terrestrial resources have a significant effect on the evolution of nonhuman biological communities during the Holocene? Although it will take time to answer such questions, it is important that we begin to better appreciate the strong impacts that long-term geological variability and human intervention have had on the evolution of interactions between human culture, biological communities and their environments.
